The steroidogenic acute regulatory protein-related lipid transfer (START) domain family is defined by a conserved 210-amino acid sequence that folds into an α/β helix-grip structure. Members of this protein family bind a variety of ligands, including cholesterol, phospholipids, sphingolipids, and bile acids, with putative roles in nonvesicular lipid transport, metabolism, and cell signaling. Among the soluble START proteins, STARD4 is expressed in most tissues and has previously been shown to transfer sterol, but the molecular mechanisms of membrane interaction and sterol binding remain unclear. In this work, we use biochemical techniques to characterize regions of STARD4 and determine their role in membrane interaction and sterol binding. Our results show that STARD4 interacts with anionic membranes through a surfaceexposed basic patch and that introducing a mutation (L124D) into the Omega-1 (Ω 1 ) loop, which covers the sterol binding pocket, attenuates sterol transfer activity. To gain insight into the attenuating mechanism of the L124D mutation, we conducted structural and biophysical studies of wild-type and L124D STARD4. These studies show that the L124D mutation reduces the conformational flexibility of the protein, resulting in a diminished level of membrane interaction and sterol transfer. These studies also reveal that the C-terminal α-helix, and not the Ω 1 loop, partitions into the membrane bilayer. On the basis of these observations, we propose a model of STARD4 membrane interaction and sterol binding and release that requires dynamic movement of both the Ω 1 loop and membrane insertion of the C-terminal α-helix.
S
terols are a critical component of eukaryotic cell membranes. In mammalian cells, there is an approximately 7-fold range of cholesterol content in various organelles.
1,2 For instance, cholesterol accounts for ∼35% of the total lipids in the plasma membrane 3, 4 and is highly enriched in the endocytic recycling compartment (ERC). 5 In comparison, in the endoplasmic reticulum (ER) where cholesterol is synthesized, cholesterol accounts for ∼5% of the total lipids. 6 In part, the distribution of cholesterol among cellular organelles can be attributed to its differential stability in various membranes, 7, 8 and this distribution is maintained by vesicular and nonvesicular transport mechanisms. 8, 9 Several lines of evidence indicate that nonvesicular transport mediated by sterol transfer proteins plays an important role in maintaining the correct distribution of cholesterol among organelles. 5, 7, 10 There are several protein families that are classified as lipid transfer proteins that can transfer lipids among membranes. 11 One such family is the steroidogenic acute regulatory (StAR) protein-related lipid transfer (START) domain (STARD) family. 9, 12 Bioinformatic studies have identified START domains in the genomes of plants, protists, bacteria, and animals. 13, 14 In plants, START domains are highly prevalent and are often found in tandem with homeodomain proteins, suggesting a role in regulating gene expression. 14, 15 The protein architecture of the START homeodomain is unique to plants. 14 In vertebrates, the START domains are often linked to other motifs to form multidomain proteins, and these START domains play a role in protein localization, enzymatic activity, and cellular signaling. 13 There are 15 members of the mammalian START family 12, 16 that can be classified into six subfamilies based on domain architecture and ligand binding. 13 In general terms, there are the cholesterol/oxysterol binding proteins (STARD1/3 subfamily), soluble proteins (STARD4/5/6 subfamily), phospholipid and sphingolipid binding proteins {STARD2 [phosphatidylcholine transfer protein (PCTP)]/7/8/10/11 subfamily}, putative Rho-GTPase signaling proteins (STARD8/12/13 subfamily), thioesterase activity-containing proteins (STARD14/15 subfamily), and the STARD9 subfamily composed of a single member whose function and ligand remain unclear.
Among the START domain members, the STARD4 subfamily members are the only START proteins that lack a subcellular localization motif or domain and are thought to be distributed throughout the cytosol, 9 with some preference for binding organelles. This family is composed of STARD4, -D5, and -D6. STARD4 and STARD5 are widely expressed, while STARD6 expression is limited to testes, with the highest level being in spermatids. 17 Overexpression of STARD4 has been shown to increase the extent of cholesteryl ester accumulation in lipid droplets, in an acetyl-CoA:cholesterol acyl-transferase (ACAT)-dependent manner, 18, 19 and its expression is controlled at the transcriptional level by sterols. 10, 17 STARD4 has been implicated as an important sterol transport protein involved in maintaining cholesterol homeostasis. 10, 19 The crystal structures of human STARD3, murine STARD4, and human phosphatidylcholine transfer protein (PCTP/ STARD2) were among the first of the START proteins to be described. 20−22 The structures of these proteins showed an α/β helix-grip fold with an internal binding pocket, formed by β-sheets, where ligand binds. 23 However, access to the internal binding pocket is occluded by the domain's C-terminal α-helix and adjacent loops. 20 Conformational changes in these regions following membrane interaction may facilitate ligand entry and exit. 16 As there are no crystal structures of STARD proteins bound to cholesterol, models of cholesterol in complex with several START domain proteins have been proposed from molecular docking and molecular dynamic simulations. 20,24−26 In one model, the C-terminal α-helix can undergo a small and reversible local unfolding that is independent of the rest of the domain. 24, 27, 28 In this intermediate state, the cholesterol binding site would become accessible, facilitating ligand binding and release. When cholesterol is bound in the pocket, the Cterminal α-helix would refold to form a stable protein that could diffuse in the cytosol to deliver cholesterol to the target organelle membrane. 28 Consistent with this model, disulfide bridges cross-linking the C-terminal α-helix to the loop between β-strands 1 and 2 result in attenuated cholesterol binding and steroidogenic activity of STARD1. 29 Murcia et al. 25 proposed an alternative mechanism for START domain cholesterol binding and release based on molecular dynamic simulations. Following docking of cholesterol into the STARD3 structure or STARD1 model, cholesterol was released from the ligand binding pocket through a path created by conformational movement of the Omega-1 (Ω 1 ) loop ( Figure 1A , green). Consistent with this model, crystallographic data from STARD4 and STARD11 have showed high B values for the Ω 1 loop, 21, 30 suggesting structural flexibility. However, the precise molecular mechanisms that mediate START domain protein membrane interaction and sterol extraction remain unclear.
In this study, we investigate the mechanism of interaction of STARD4 with membranes and the mechanism by which STARD4 binds and releases sterol. We examined the role of specific regions of STARD4, either by replacement of surfaceexposed lysine residues or by replacement of leucine with aspartic acid at the apex of the Ω 1 loop to determine if these regions are required for activity. Utilizing structural and biochemical methods, we report that mutation of the Ω 1 loop results in a large reduction in the level of membrane interaction and sterol transfer activity. We show that the attenuated activity of this mutation is not the result of a structural alteration of the protein but stems from stabilization of a closed or inactive conformation. Additionally, we show that the Ω 1 loop does not insert into the membrane bilayer. Instead, we provide evidence that insertion of the carboxyl-terminal helix into the bilayer is associated with membrane interaction and sterol exchange with the membrane. Our findings suggest a unifying model of interactions of STARD protein with membrane, and sterol binding and release that require dynamic movement of the Ω 1 loop and membrane insertion of the C-terminal α-helix.
■ MATERIALS AND METHODS
Wild-Type and Mutant cDNA Constructs. The cDNAs encoding wild-type, K49A/K52A, K219A, and L124D STARD4 were subcloned into the pET-SUMO vector (Invitrogen). 10, 31 L124C and M206C STARD4 were generated using sitedirected mutagenesis. Briefly, the resulting STARD4 contains an N-terminally fused hexahistidine (6-his)-tagged yeast SUMO protein for enhanced solubility.
Purification of Wild-Type and Mutant mSTARD4 Constructs. STARD4 and STARD4 mutants (K49A/K52A, K219A, M206C, L124C, and L124D) in the pET-SUMO vector were expressed in Escherichia coli BL21(DE3) cells during overnight incubation at 18°C. Bacterial pellets were resuspended in 20 mM HEPES (pH 7.2), 100 mM KCl, 20 mM imidazole, 1 mM TCEP, and 0.1% IGEPAL supplemented with an anti-protease cocktail (Roche) and 1 mM phenylmethanesulfonyl fluoride. The resuspended cell pellets were lysed on ice by sonication followed by ultracentrifugation at 100000g for 1 h. The supernatant was incubated with preequilibrated Ni-NTA resin under constant agitation at 4°C for 1 h. Following incubation, the supernatant/resin slurry was passed through a column, and the column was washed with 20 mM HEPES (pH 7.2), 100 mM KCl, 20 mM imidazole, and 1 mM tris(2-carboxyethyl)phosphine (TCEP). The SUMO− STARD4 protein was eluted with 20 mM HEPES (pH 7.2), 100 mM KCl, 0.5 M imidazole, and 1 mM TCEP. The eluted protein was dialyzed overnight at 4°C in 20 mM HEPES (pH 7.2), 100 mM KCl, and 1 mM DTT in the presence of the Ulp1 protease to remove the His-SUMO tag. STARD4 was further purified using size exclusion chromatography using a Superdex200 column (GE Healthcare) in 20 mM HEPES (pH 7.2), 100 mM KCl, and 1 mM DTT. Purified protein was stored at −80°C.
Liposomes. Lipids in chloroform were purchased from Avanti Polar Lipids (Alabaster, AL), except dehydroergosterol (DHE) (powder, Sigma). A dried film was prepared by evaporation of a mixture of the indicated lipids in chloroform. Lipids were hydrated in 50 mM HEPES (pH 7.2) and 120 mM potassium acetate by five freeze−thaw cycles. The suspension was extruded sequentially 11 times through 0.4 and 0.1 μm (pore size) polycarbonate filters using a hand extruder (Avanti) at a final lipid concentration of 1 mM. Liposomes were stored at room temperature, protected from light, and used within 4 days. Liposomes termed "donors" or "acceptors" were used in a sterol transfer assay. The composition of donor liposomes was 31 mol % 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphatidylcholine (POPC), 23 mol % 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphatidylethanolamine (POPE), 23 mol % 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphatidylserine (POPS), and 23 mol % DHE. The composition of acceptor liposomes was 70 mol % POPC, 7 mol % POPE, 15 mol % liver phosphatidylinositol (PI), 5 mol % POPS, and 3 mol % dansyl-phosphatidylethanolamine (PE). The composition of brominate donor lipids was 31 mol % 1-palmitoyl-2-(6,7-dibromo)stearoyl-sn-glycero-3-phosphocholine (6,7-Br PC), 23 mol % POPE, 23 mol % POPS, and 23 mol % cholesterol Sterol Transfer Assay. The sterol transport activity of STARD4 was measured by a Forster resonance energy transfer (FRET) assay, as previously described. 10 Experiments were performed in quartz cuvettes (100 μL) in HK buffer [ Crystallization. Purified L124D STARD4 in 20 mM HEPES (pH 7.2), 100 mM KCl, and 1 mM DTT was concentrated to 10 mg/mL, and crystals were grown using hanging drop vapor diffusion in a 1:1 protein:well solution ratio. Full size crystals were harvested after 2 days in 0.1 M MES (pH 6.2) and 2.2 M ammonium sulfate and flash-frozen in liquid nitrogen with 20% (v/v) glycerol as a cyroprotectant.
Data Collection, Structure Determination, and Refinement. X-ray scattering data were collected at beamline X29 at Brookhaven National Laboratory (Upton, NY). Crystals diffracted to 2.0 Å resolution, and all data were indexed, integrated, and scaled using HKL2000. 32 The STARD4 wildtype crystal structure [Protein Data Bank (PDB) entry 1JSS 21 ] was used as a molecular replacement model to phase the L124D STARD4 structure using Phaser-MR. 33 The initial model was subjected to several rounds of model building and refinement using COOT 34 and Phenix.refine, 35 respectively. Data collection statistics and the final data refinement statistics are listed in Table 1 . The coordinates and structure factors have been deposited as PDB entry 5BRL.
NMR Spectroscopy. Isotopically labeled wild-type and L124D STARD4 were produced using the media-swap method 36 and purified using identical methods. Purification of isotopically labeled protein was the same as for the natural abundance protein, after which the protein was exchanged into 20 mM NaCl, 20 mM Tris, 5 mM DTT, pH 6.4 buffer, supplemented with 10% D 2 O, which was used for NMR experiments. Backbone amide assignments for the wild-type protein were transferred from previously published assignments for the L124D protein 31 using an HNCA experiment. Wild-type and L124D StARD4 (final concentration of 50 μM) were incubated with 6 mM total lipids meant to mimic a cholesterol-rich donor membrane (31 mol % POPC, 23 mol % POPE, 23 mol % POPS, and 23 mol % cholesterol).
1 HSQC spectra were collected using a 600 MHz Varian Inova instrument with a cryogenically cooled probe using the same acquisition parameters on concentration-matched samples with and without liposomes. The peak intensity was measured for 25 well-resolved cross-peaks arising from residues 13, 24, 32, 41, 50, 56, 66, 76, 80, 93, 99, 109, 119, 128, 139, 146, 150, 160, 173, 181, 184, 194, 200, 208 , and 216 in all spectra, and the ratio of peak intensity in lipid-containing spectra to peak intensity in lipid-free spectra was calculated. NMR data were processed with NMRpipe 37 and analyzed with NMRViewJ.
38
Membrane Interaction by Size Exclusion Chromatography. Wild-type and L124D STARD4 at final concentrations of 20 μM were examined in the absence and presence of liposomes by using size exclusion chromatography using a Superdex200 column (GE Healthcare) in 20 mM HEPES (pH 7.2), 100 mM KCl, and 1 mM DTT. In the presence of lipids, STARD4 was incubated with 15 mM total lipids, meant to mimic a cholesterol-rich donor membrane (31% POPC, 23% POPE, 23% POPS, and 23% cholesterol). Chromatograms are normalized to the major peak for each fractionation. The resulting chromatograms represent two independent experiments.
Iodoacetamide-NBD (IANBD) Labeling of STARD4. L124C and M206C STARD4 were labeled in 50 mM Tris (pH 7.2) and 150 mM KCl with a 100-fold molar excess of IANBD for 120 min at room temperature under agitation and protected from light. After incubation, excess dye was removed by passage through a Sephadex G-10 column that had been preequilibrated in HK buffer. The NBD concentration was determined by absorbance at 480 nm using a molar extinction coefficient of 25000
. 39 The STARD4 concentration was determined using a bicinchoninic acid (BCA) assay, using BSA as a standard (Thermo Scientific Pierce). The labeling resulted in 0.8−0.9 mol of NBD/mol of protein.
Membrane Penetration. Membrane penetration assays were performed in HK buffer equilibrated at 37°C on a SpectraMax M2 fluorometer (MDS Analytical Technologies, Sunnyvale, CA). NBD-labeled proteins were mixed with 100 μM total lipid cholesterol-rich donor membrane (31% POPC/ Br-PC, 23% POPE, 23% POPS, and 23% cholesterol) in a 100 μL quartz cuvette. NBD was excited at 470 nm, and the emission spectra were collected from 490 to 630 nm and corrected for buffer, unlabeled protein, and lipids alone. The spectra were representative of at least two independent experiments ( Figure 6 ).
Maleimide-PEG Labeling. Maleimide-PEG 5 kDa (MP-5 kDa) modification experiments were performed in 50 mM Tris (pH 7.2) and 150 mM KCl. Wild-type and L124D STARD4 were incubated with a 50-fold molar excess of MP-5 kDa, and at various times, the reactions were quenched by the addition of 10 mM β-mercaptoethanol. Proteins were resolved on a 12% HEPES-Bicine gel and stained with Coomassie blue. As a positive control, wild-type and L124D STARD4 were denatured with 2% (w/v) SDS in the presence of MP-5 kDa and examined by sodium dodecyl sulfate−polyacrylamide gel electrophoresis (SDS−PAGE).
Far-UV and Thermal Melting Circular Dichroism (CD). Far-UV and thermal melting circular dichroism experiments were performed on an AVIV Biomedical model 410 CD spectrometer using bundled software. Far-UV CD spectra from 200 to 250 nm, with a wavelength step of 0.1 nm and an averaging time of 1.7 s, were recorded at 25°C on 100 μM STARD4 or 100 μM L124D STARD4. The cell path length was 0.02 cm, and four scans for each sample were averaged. Thermal melting curves were recorded at 222 nm in the temperature range from 5 to 95°C with a heating rate of 1°C/ min on 100 μM STARD4, 100 μM L124D STARD4, or 100 μM STARD4−DHE complex. The raw millidegree values were transformed to mean residue molar ellipticity (degrees squqare centimeter per decimole). 40 The CD spectra have been deposited in the Protein Circular Dichroism Data Bank (http://pcddb.cryst.bbk.ac.uk) as entries CD0004865000 and CD0004866000.
Formation of the STARD4−DHE Complex. STARD4 (1 μM) was mixed with 500 μM (total lipids) large sucrose-loaded liposomes [210 mM sucrose and 50 mM HEPES (pH 7.2)] for 15 min at 37°C in HK buffer. The sample was centrifuged at 400000g for 20 min at 4°C in a fixed-angle rotor (TLA 100.1, Beckman). The supernatant was recovered and concentrated to 100 μM for thermal melting circular dichroism. The DHE concentration was determined by absorbance using a molar extinction coefficient of 10000 M −1 cm −1 at 325 nm. 41 The STARD4 concentration was determined using a BCA assay, using BSA as a standard (Thermo Scientific Pierce). Control centrifugations performed without liposomes indicated that STARD4 did not sediment. The molar concentration of DHE was 90−95% of the STARD4 concentration.
■ RESULTS Multiple Regions of STARD4 May Dictate Function. Previous molecular dynamics simulations of START proteins suggested that movement of the nonpolar Ω 1 loop would be sufficient to allow sterol absorption and release. In addition, the crystal structure of STARD4 shows a cluster of positively charged residues ( Figure 1A ,B) that can interact with anionic lipids, such as phosphatidylserine, to facilitate membrane docking. Given the proximity of the polybasic patch ( Figure  1A , blue) and the Ω 1 loop ( Figure 1A , green), it is possible that they work in tandem to ensure efficient sterol transfer to and from membranes. To understand the role of these regions, we characterized mutations in the polybasic patch and the Ω 1 loop, using a liposomal sterol transfer assay depicted in Figure 2A . Donor liposomes (D) containing the fluorescent cholesterol analogue dehydroergosterol (DHE) and acceptor liposomes (A) containing dansyl-phosphatidylethanolamine are mixed 10 that is ∼1000-fold more effective than the cyclic heptasaccharide sterol carrier, methyl-β-cyclodextrin ( Figure 2B) .
To determine the role of the polybasic patch and Ω 1 loop ( Figure 1A ,B) in STARD4 activity, we initially characterized in more detail mutations that were previously described 10, 31 in which surface-exposed lysines ( Figure 1A , blue) were replaced with alanines. Figure 2C shows that K49A/K52A and K219A mutations reduced the sterol transport activity compared to that of the wild type. The replacement of positive charge in the polybasic patch results in approximately 25 and 85% reductions in activity for K49A/K52A and K219A, respectively ( Figure  2D) .
To evaluate the role of the Ω 1 loop in STARD4 sterol transport, we replaced a leucine with an aspartic acid residue, L124D, at the apex of the Ω 1 loop ( Figure 1A, green) . From its nonpolar characteristic, we anticipated that the Ω 1 loop might insert into the bilayer for sterol binding/release, and introduction of a negative charge should attenuate such activity. Panels C and D of Figure 2 show that the L124D mutation almost completely blocks STARD4 activity. These data indicate that the polybasic patch and Ω 1 loop both contribute to STARD4 activity.
Reduced Activity of L124D STARD4 Is Not Due to Charge Repulsion. As previously reported, STARD4 activity is increased when sterol is transported between liposome populations that are enriched with anionic lipids. 10 Because the assays in panels C and D of Figure 2 were performed with negatively charged liposomes, the reduced activity of L124D might result from charge−charge repulsion. We replaced the anionic lipids of donor and acceptor membranes with the zwitterionic lipid, phosphatidylcholine (PC), to generate neutral donor and acceptor liposomes ( Figure 3 ). As expected, 31 the activity of wild-type STARD4 was attenuated, resulting in a 50% reduction in activity (Figure 3) . Interestingly, the absence of anionic lipids did not restore activity to L124D STARD4. This indicates that the reduction in sterol transport activity from the L124D mutation is not due to charge−charge repulsion.
Crystal Structure of L124D STARD4. One potential explanation for L124D STARD4 reduced sterol transport activity would be protein misfolding. We investigated the secondary structure of the L124D and lysine to alanine mutations using UV circular dichroism (CD) ( Figure S1 of the Supporting Information). The CD spectrum of all STARD4 mutants was similar to the wild-type spectrum, indicating that the mutations did not result in large structural perturbations. This did not eliminate the possibility that subtle local alterations could result in attenuated activity. Because the L124D mutation caused a large perturbation of sterol transfer activity, we obtained the crystal structure of L124D STARD4 by molecular replacement at 2.0 Å resolution ( Table 1 ). The final refined structure had two molecules of L124D STARD4 per asymmetric unit with visible residues 13−222 in chain A and 13−223 in chain B. Both the N-and C-termini have one α-helix that encloses nine antiparallel β-sheets that comprise the protein core ( Figure 4A,B) . The root-mean-square deviation (rmsd) between the two molecules in the asymmetric unit is 0.061 Å 2 over 180 residues. The rmsd between the wild-type and L124D mutant structures for chain A is 0.372 Å 2 over 157 residues, while for chain B, it is 0.358 Å 2 over 152 residues. Deviations in the structures are mainly in the loops, with the loops comprising residues 39−41, 75−79, 140−145, and 167− 171 having the most significant shifts ( Figure 4C ). However, overall there are only minor differences observed between the wild-type and L124D structures ( Figure 4B ), indicating the attenuation of sterol transfer activity is not like to be the result of structural alteration.
L124D STARD4 Has Weakened Interaction with Membranes. Because the crystal structure of L124D STARD4 did not show any significant alteration compared to the wild-type structure (Figure 4) , we evaluated if mutation of the Ω 1 loop perturbed the STARD4−membrane interaction. To do this, we utilized nuclear magnetic resonance (NMR) spectroscopy and collected 1 H− 15 N heteronuclear singlequantum coherence (HSQC) spectra on mutant and wildtype STARD4 in the absence and presence of liposomes. In the absence of liposomes (black spectrum), both wild-type ( Figure  5A ) and L124D ( Figure 5B ) STARD4 have well-resolved 1 H− 15 N HSQC spectra, indicating that both proteins are wellfolded. In the presence of large unilamellar liposomes (red spectrum, Figure 5C ), the wild-type STARD4 spectrum shows a significant loss of intensity among the amide cross-peaks compared to wild-type STARD4 in the absence of lipids ( Figure 5A ). The loss of signal is likely due to the formation of STARD4−liposome complexes, which are large and tumble too slowly to give rise to an NMR signal. Line broadening due to intermediate conformational exchange between lipid-free and lipid-bound states of the wild-type protein is unlikely because Figure 3 . L124D STARD4 reduced activity is not due to charge repulsion. Anionic (red) or neutral (blue) liposomes (total lipid concentration of 100 μM) were incubated alone (no STARD4) or with 0.25−2 μM wild-type STARD4 at 37°C. The number of DHE molecules transferred per molecule of STARD4 per minute was measured as described previously. 10 Anionic liposomes have a composition identical to that of those used in Figure 2 . In the nonanionic liposomes, POPE and POPE/PI were replaced by POPC. Error bars ± SEM from three experiments (*p < 0.05 compared to the wild-type value). The number above each bar is the average number of DHE molecules transferred per molecule of STARD4 per minute.
the full widths at half-maximum of peaks in the lipid-containing and lipid-free spectra were approximately the same. A decrease in intensity, as quantified by the ratio of peak intensity in the lipid-containing to lipid-free spectra, was relatively homogeneous throughout the protein sequence, suggesting that wildtype STARD4 binds liposomes as a concerted unit (data not shown). Strikingly, the amide cross-peaks in the spectrum for L124D in the presence of liposomes are not attenuated (red spectrum, Figure 5D ). Assuming that all bound protein gives rise to no NMR signal and thus residual peak intensity arises from the fraction of free protein, the extent of binding can be estimated by calculating the ratio of peak intensities in the lipidcontaining and lipid-free samples. The peak intensity ratios for 25 well-resolved resonances arising from residues throughout the primary sequence of both wild-type and L124D STARD4 were calculated and averaged ( Figure 5E ). In the presence of 6 mM total lipids, the intensity of the 50 μM wild-type STARD4 signal is reduced by approximately 80% while that of the 50 μM L124D signal is not affected, strongly suggesting that a majority of wild-type STARD4 molecules interact with the liposomes while those of L124D STARD4 do not.
To further examine STARD4−membrane interaction, we utilized size exclusion chromatography to monitor the elution of profile of 20 μM wild-type and L124D proteins in the absence and presence of 15 mM total lipids ( Figure 5F ). 42 In the absence of lipids (red), both wild-type and L124D STARD4 elute as a prominent single peak around 20 mL, with L124D eluting later than the wild type. This elution profile is consistent with a protein monomer with a molecular weight of ∼25 kDa. Interestingly, after incubation with lipids (blue), the majority of the wild-type protein elutes at ∼10 mL, with a portion eluting at ∼20 mL, while there is only a small shift for the L124D mutant. This shift in the elution profile indicates that the majority of wild-type protein has interacted with the lipids and elutes earlier because of that interaction. However, this is not the case for L124D, which has only a minor shift in the elution profile, indicating that it may bind the liposomes weakly. Taken together, these results show that L124D STARD4 has a reduced capacity to interact with membranes.
The Ω 1 Loop Does Not Insert into the Bilayer. One possibility is that the tip of the Ω 1 loop directly inserts into the membrane bilayer, and the L124D mutation prevents this. To test this hypothesis, we monitored the fluorescence emission spectra of the environmentally sensitive fluorophore, (7-nitrobenz-2-oxa-1,3-diazol-4-yl)ethylenediamine (NBD) coupled to a cysteine at residue 124. To selectively label and monitor the Ω 1 loop, we mutated all endogenous cysteines to serines and introduced a single cysteine at L124. L124C STARD4 is able to transfer sterol as efficiently as wild-type STARD4 ( Figure S2A of the Supporting Information). Utilizing iodoacetamide-NBD (IANBD), we labeled L124C STARD4 and examined the fluorescence emission profile of L124C-IANBD in the absence and presence of liposomes ( Figure 6A, red and blue) . Interestingly, we did not observe any signal alteration. Additionally, L124C-IANBD STARD4 sterol transfer activity was 40% lower than those of L124C and wildtype STARD4, but with unaltered secondary structure ( Figure  S2A ,B of the Supporting Information). This finding indicates that the Ω 1 loop does not insert into the bilayer.
The carboxyl-terminal helix of STARD4 forms an amphipathic helix that might interact with the membrane. 43−45 To investigate this, we mutated methionine 206 ( Figure 1B , magenta) to a cysteine in the absence of other cysteines, labeled it with NBD, and asked if this M206C-IANBD inserted into the bilayer ( Figure 6B ). Similar to L124C, M206C is as active as wild-type STARD4 in sterol transfer ( Figure S2A of the Supporting Information). In the absence of lipids, M206C-IANBD has an emission spectrum similar to that of L124C- IANBD ( Figure 6B, green) . However, following the introduction of liposomes, the emission spectrum intensity of M206C-IANBD increases ∼3-fold, indicating insertion of the NBD moiety into the nonpolar environment of the membrane ( Figure 6B, black) . However, while M206C-IANBD STARD4 shows insertion of the NBD moiety into the bilayer, it is properly folded but the sterol transfer activity was greatly reduced ( Figure S2A ,C of the Supporting Information). This is likely due to occlusion of the sterol binding pocket upon coupling of the cysteine at position 206 with the NBD.
To confirm that the alternation of NBD fluorescence was the result of insertion into the membrane bilayer rather than interactions in the sterol binding site, we replaced POPC with brominated PC (Br-PC) and monitored the fluorescence spectrum. As bromine is a collisional quencher of NBD, 46 insertion of the NBD moiety will result in quenching of the fluorescence. Similar to POPC lipids ( Figure 6A, red and blue) , incubation of L124C-IANBD with Br-PC lipids did not alter the NBD signal ( Figure 6C , red and blue). However, with M206C-IANBD, the presence of Br-PC prevented the increase in fluorescence upon interaction with liposomes, indicating membrane insertion ( Figure 6D, green and black) . Taken together, these findings indicate that the carboxyl-terminal helix and not the Ω 1 loop inserts into the bilayer.
Mutation of the Ω 1 Loop in STARD4 Stabilizes a Closed Conformation. To determine whether the L124D mutation affected the dynamics of the protein in solution, we analyzed the cysteine accessibility of wild-type and L124D STARD4 using a maleimide-PEG molecular weight 5 kDa (MP-5 kDa) probe ( Figure 7A) . 47, 48 Of the five cysteines in STARD4 (C112, C113, C148, C169, and C173), only C112 and C113 are solvent accessible. 21 Maleimide probes form a thioether linkage and can be quenched using excess reducing agent, such as β-mercaptoethanol. 49, 50 STARD4 cysteine modification by MP-5 kDa results in a molecular weight shift that is dependent on the number of alkylations per STARD4. To assess total cysteine accessibility, STARD4 was denatured with 2% SDS followed by incubation with MP-5 kDa ( Figure  7B, right lanes) . Time course examination of either wild-type or Figure 6 . Ω 1 loop does not insert into the bilayer. Membrane penetration assay of L124C and M206C STARD4 using POPC (A and B) or Br-PC (C and D) liposomes. The NBD fluorescence spectrum of each STARD4 mutant (0.5 μM) was collected in the absence or presence of liposomes. NBD was excited at 470 nm, and the emission spectra were collected from 490 to 630 nm and corrected for buffer, unlabeled protein, and lipids alone.
L124D STARD4 with MP-5 kDa shows several molecular weight shifts indicative of alkylation ( Figure 7B ). However, the L124D STARD4 alkylation pattern shows a slower rate of cysteine accessibility, which is evident in the delay in the formation of high-molecular weight species. These observations suggest that wild-type STARD4 may more readily adopt an "open" conformation in which movement of the protein facilitates access of the solvent to the sterol binding pocket, while L124D STARD4 may more stably adopt a closed or inactive conformation.
Thermal Melting CD Spectroscopy of L124D Reveals Changes in Protein Stability. To validate that the L124D mutation stabilizes the protein's conformation, we evaluated the thermal stability of STARD4 by determining the thermal melting (T m ) point for wild-type and L124D STARD4. The T m of L124D STARD4 is increased compared to that of wild-type STARD4 ( Figure 8A ). This indicates that the attenuated activity of L124D STARD4 may be associated with a more stable conformation that cannot interact with the membrane to bind or release sterol. As there is a direct relationship between the stabilization free energy provided by binding to a ligand forming a closed or protected conformation, 51 we investigated the thermal stability of wild-type STARD4 complexed to DHE ( Figure 8B) . Interestingly, the wild-type STARD4−DHE complex results in a T m similar to that of L124D STARD4, indicating an increase in the level of structural stabilization following ligand binding. Unfortunately, we were unable to load L124D STARD4 with sterol. Thermally induced denaturations of the wild type, L124D, and STARD4−DHE complex were irreversible. Mechanistically, these data demonstrate that a reduction in the level of dynamic movement of the Ω 1 loop results in a conformation more thermostable than that of wildtype STARD4. Moreover, formation of the wild-type STARD4−DHE complex results in a shift in the T m , resulting in a more stable conformation compared to apo wild-type STARD4 and similar to L124D STARD4.
■ DISCUSSION
Elucidating the molecular mechanisms that mediate STARD4 protein−membrane interaction and sterol extraction is crucial for understanding how these proteins facilitate sterol/lipid transport among cellular organelles. 52, 53 Sterol entry and exit from START domain proteins has been suggested to be mediated by either reversible local unfolding of the C-terminal α-helix or conformational movement of the Ω 1 loop. 25, 28 Our data are most consistent with a unifying model in which movement of both of these regions of STARD4 is required. This model reconciles several biochemical and biophysical observations. STARD4 transfer of sterol between membranes is enhanced by a surface-exposed basic patch that facilitates interactions with anionic lipids (Figure 1) . 10 Replacement of lysine residues within the basic patch attenuates sterol transfer activity ( Figure  2 ). The electrostatic interaction between STARD4 and anionic lipid headgroups could orient the protein into an optimal position to bind and release sterol. We considered that the apex of the Ω 1 loop (Figure 1 ) might also be oriented toward the anionic lipids, so we sought to attenuate this interaction by introducing a negative charge into the Ω 1 loop. As expected, introduction of negative charge into the apex of the Ω 1 loop, L124D, reduced sterol transfer activity approximately 100-fold ( Figure 2 ). However, this reduction in activity could not be rescued by the removal of anionic lipids for membranes ( Figure  3) , indicating that the reduced activity was not due simply to charge−charge repulsion.
In comparing the structure of the wild-type and L124D STARD4 proteins, there are minimal alterations, with differences occurring primarily in flexible loops (Figure 4 ). This indicates that L124D STARD4 is well-folded, and mutation of the Ω 1 loop did not greatly perturb the protein structure. We then investigated whether the mutation attenuated the ability of STARD4 to interact with membranes ( Figure 5 ). On the basis of the loss of the NMR signal in the presence of liposomes and the change in elution volume when liposomes were present during size exclusion chromatography, wild-type STARD4 bound to membranes but L124D STARD4 had greatly weakened membrane interaction. These findings suggested that the loss of sterol transfer activity of L124D STARD4 results from weakened membrane interaction.
It seemed possible that L124 at the apex of the Ω 1 loop would be involved in membrane insertion, so we investigated this using the environmentally sensitive dye NBD ( Figure 6 ). Interestingly, when NBD was placed at position 124 in the Ω 1 loop, we did not observe alterations in the emission spectra in the presence or absence of liposomes. This indicates that the NBD moiety and Ω 1 loop do not insert into the bilayer. As an alternative region that could potentially interact with the membrane bilayer, the C-terminal α-helix has been suggested to be involved in membrane interaction and sterol binding. 29, 45 When NBD was conjugated on the C-terminal α-helix at M206C, the NBD emission spectrum was increased in the presence of POPC liposomes, and this increase was blocked by Br-PC in the liposomes (Figure 6 ). In the crystal structure, M206 points into the sterol binding pocket ( Figure 1A , magenta) and away from the cytosol. Insertion of the NBD into the lipid indicates that the C-terminal α-helix needs to swing out to insert into the bilayer. This rearrangement could be mediated in part by movement of the flexible loop region at the amino terminus of the C-terminal α-helix and by its amphipathic nature. However, these findings do not explain how mutation of L124D results in attenuated sterol transport and membrane interaction.
One potential mechanism by which mutation of the Ω 1 loop could attenuate activity is reduction of the extent of dynamic movement of the protein. 45 Inspection of the 1 H− 15 N HSQC spectrum of the L124D mutant shows that some peaks are much more intense than in the wild-type spectrum. This is an indication that the wild type may be undergoing conformational exchange among conformations. We investigated this using maleimide chemistry to probe the accessibility of endogenous cysteines of STARD4 (Figure 7) . Interestingly, L124D STARD4 has reduced reactivity with the maleimide-PEG compared to that of wild-type STARD4, suggesting that L124D STARD4 had a reduced level of dynamic movement. Furthermore, this demonstrates that STARD4 undergoes structural transitions by which the maleimide-PEG gains access to the core of the protein to react with the cysteine residues and that this is greatly reduced with the L124D mutation. This stabilization was further verified using circular dichroism in which the L124D mutation resulted in an increase in thermal stability (Figure 8 ). Because the structure of the L124D mutant is nearly identical to that of the wild-type protein and because the L124 side chain is surface-exposed and forms no tertiary interactions, the overall stabilizing effect of this mutation may result from a destabilization of either the unfolded state of the protein or some transient but essential unfolding intermediate or transition state. Such an intermediate could indeed be key for allowing the protein to bind to membranes.
Taken together, these findings indicate that reductions in the level of STARD4−membrane interaction and sterol transfer activity of the L124D mutation are a consequence of a reduction in the conformationally flexibility of the protein.
Crystallographic data from STARD4 and STARD11 have showed high B values for the Ω 1 loop, indicating conformational flexibility. 21, 30 Additionally, there is a slight shift in the Ω 1 loop between the wild-type and L124D STARD4 structures. Furthermore, a reduced level of maleimide-PEG labeling and the increased thermal stability of L124D STARD4 suggest that there is stabilization of the protein structure. This stabilization and subsequent attenuation of STARD4 activity suggest that dynamic movement of this region may be required for membrane interaction and sterol transfer. We propose that the initial STARD4−membrane interaction is mediated by electrostatic interactions of the basic patch with negative lipid headgroups that orient STARD4 for further rearrangement and membrane insertion. The C-terminal α-helix of STARD4 undergoes rearrangement and insertion into the bilayer. Apparently, rigidifying the protein structure by the L124D mutation in the Ω 1 loop results in weak, transient membrane interactions through the basic patch and a greatly reduced level of sterol transfer. Understanding how the L124D mutant stabilizes the STARD4 structure and affects movement of the C-terminal helix will require further study.
Consistent with this interpretation, mutation of the Ω 1 loop in STARD11 resulted in reduced levels of ceramide transfer and membrane interaction. 30 We propose that hydrophobic or aromatic residues 55−58 in the Ω 1 loop introduce local dynamic instability that facilitates movement of the Ω 1 loop that is required for rearrangement and membrane insertion of the Cterminal α-helix rather than acting as membrane-anchoring motifs. 57, 58 Movement of the C-terminal helix and insertion into the bilayer would facilitate exposure of the sterol binding pocket for transfer of cholesterol to or from the lipid bilayer. Interestingly, early work involving STARD1 showed that the C-terminal α-helix was protected from proteolysis when small unilamellar vesicles were present, indicating partitioning into the bilayer. 45 Consistent with this model, cross-linking of the C-terminal α-helix of STARD1 reduced activity in vitro, suggesting that conformational movement of this region is required for activity. 29 Our data are consistent with a model in which membrane interaction and sterol binding require a surface basic patch as well as an Ω 1 loop that facilitates subsequent rearrangement and insertion of the C-terminal α-helix into the membrane. 25, 28 Mutation of the Ω 1 loop results in a reduced level of dynamic movement accompanied by attenuated membrane interaction and activity. As such, it can be envisioned that conformational changes in the Ω 1 loop and C-terminal α-helix stabilized by interaction with the bilayer would allow enough space and time 
